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The cytoplasmic dynein motor generates pulling 
forces to center and orient the mitotic spindle within 
the cell. During this positioning process, dynein os- 
cillates from one pole of the cell cortex to the other but 
only accumulates at the pole farthest from the spindle. 
Here, we show that dynein light chain 1 (DYNLLl ) is re- 
quired for this asymmetric cortical localization of dynein 
and has a specific function defining spindle orientation. 
DYNLLl interacted with a spindle-microtubule-associated 
adaptor formed by CHICA and HAAMR via TQT motifs in 



CHICA. In cells depleted of CHICA or HMMR, the mitotic 
spindle failed to orient correctly in relation to the growth 
surface. Furthermore, CHICA TQT motif mutants localized 
to the mitotic spindle but failed to recruit DYNLLl to spin- 
dle microtubules and did not correct the spindle orienta- 
tion or dynein localization defects. These findings support 
a model where DYNLLl and CHICA-HMMR form part 
of the regulatory system feeding back spindle position to 
dynein at the cell cortex. 



Introduction 

Cytoplasmic dynein is a multisubunit force-generating AAA 
ATPase, or motor protein, with diverse cellular functions in both 
dividing and nondividing cells (Kardon and Vale, 2009). It has a 
complex structure comprised of a large, >400-kD heavy chain 
containing the ATPase domains, and a series of smaller subunits 
referred to as the light-intermediate, intermediate, and light 
chains, all associated with the N-terminal tail region of the heavy 
chain (Kardon and Vale, 2009). There are three different light chain 
(LC) subunits, LC7, LC8, and the T-complex testis-specific 
protein 1 (Kardon and Vale, 2009). A series of additional factors 
interact with dynein via these light and intermediate chains, the 
best characterized of which is dynactin, a multisubunit micro- 
tubule plus end-binding complex (Kardon and Vale, 2009). Dynac- 
tin acts in concert with other microtubule-associated proteins 
such as CLIP 170, NudE, and EBl to mediate the interaction of 
specific cargo with dynein at the microtubule (Kardon and Vale, 
2009). Dynein can then promote the directed movement of the 
cargo toward the minus end of the microtubule. 

In mitosis, dynein is found associated with specific regions 
of the cell cortex, as well as the mitotic spindle poles, spindle 
microtubules, and kinetochores (Pfarr et al., 1990; Steuer et al., 
1990; Busson et al., 1998). Accordingly, disrupting dynein function 

D. Hammond and J. Lloyd contributed equally to this paper. 
Correspondence to Francis A. Barn francis.barr@bioch.ox.ac.uk 
Abbreviation used in this paper: DYNLLl : dynein light chain 1 . 



results in defective and abnormally positioned or rotated spindles 
with misaligned chromosomes (Li et al., 1993; Echeverri et al., 
1996; Gonczy et al., 1999; O'Connell and Wang, 2000; Sharp 
et al., 2000; Rebollo et al., 2007). Other evidence suggests that 
specific combinations of dynein adaptor proteins can indepen- 
dently regulate these functions. At the kinetochore, dynactin to- 
gether with the Rod-ZWlO-Zwilch complex, Lisl, Spindly, and 
NudE promotes microtubule attachment to the kinetochore, and 
also plays a role in mitotic checkpoint fianction (Starr et al., 1998; 
Scaerou et al., 1999; Faulkner et al., 2000; Wojcik et al., 2001; 
Williams et al., 2003; Cockell et al., 2004; Stehman et al., 
2007; Chan et al, 2009; Gassmann et al., 2010). 

Dynein is crucial for the exact positioning and rotation of 
the mitotic spindle in relation to extracellular cues in symmetric 
and asymmetric cell divisions during development (Rhyu and 
Knoblich, 1995; Kaltschmidt et al., 2000; Cabernard and Doe, 
2009; Siller and Doe, 2009; Poulson and Lechler, 2010; Morin 
and Bellaiche, 201 1). In part this is due to a role for dynein in a 
signaling pathway that relays information from a G protein- 
signaling module at the cell cortex to the spindle pole proteins 
NuMA and Aurora A in polarized cell divisions (Sanada and 
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Tsai, 2005; Bowman et al., 2006; Siller et al., 2006; Nguyen-Ngoc 
et al., 2007; Johnston et al., 2009; van der Voet et al., 2009; 
Zheng et al., 2010; Ellefson and McNally, 201 1 ; Kiyomitsu and 
Cheeseman, 2012). NuMA together with dynactin is required 
for targeting of dynein to the cell cortex (Johnston et al., 2009; 
van der Voet et al., 2009; Woodard et al., 2010; Kiyomitsu and 
Cheeseman, 2012). Even so-called nonpolarized cells in culture 
typically position the mitotic spindle such that the axis of 
chromosome segregation is parallel to the growth surface 
(Toyoshima et al., 2007; Mitsushima et al., 2009). In this case, 
dynein-dynactin complexes play a role in the cortical capture 
and sliding of astral microtubules used to position and orient the 
spindle (Samora et al., 2011). Emerging evidence also impli- 
cates the retraction fibers, remnants of interphase cell-substratum 
adhesions, in spindle positioning and orientation in classical 
two-dimensional cell culture models (Thery et al., 2005; Fink 
et al., 2011). This may reflect the role of adhesion signaling 
through Rho family GTPases in more physiological cell divis- 
ions in tissues and three-dimensional cell culture systems (Gotta 
et al., 2001; Fernandez-Miiian et al., 2007; Toyoshima et al., 
2007; Buttrick et al., 2008; Jaffe et al., 2008; Inaba et al., 2010; 
Qin et al., 2010; Rodriguez-Fraticelli et al., 2010). Although a 
full picture has yet to emerge, current evidence supports the 
idea that a combination of extrinsic and intrinsic signals im- 
parts defined spindle position and orientation (Kiyomitsu and 
Cheeseman, 2012). 

As already mentioned, dynein is required for multiple 
processes during the formation and positioning of the mitotic 
spindle. However, the molecular nature of the different dynein 
complexes involved in spindle formation, positioning, and ori- 
entation remains unclear. We have therefore investigated the 
role of a specific cytoplasmic dynein light chain of the LC8 
family, and find that it is needed together with a spindle-associated 
complex of CHICA and HMMR for correct spindle orientation. 
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Results 

□ynein light: chain 1 interacts with 
a subset of mitotic spindle proteins 

To understand the function of dynein-dynein light chain 1 
(DYNLLl) complexes at the mitotic spindle, HeLa cells stably 
expressing GFP-DYNLLl were created. Analysis of DYNLLl 
complexes isolated from mitotic populations of these cells by 
SDS-R'VGE and mass spectrometry revealed the presence of 
dynein heavy, intermediate, light-intermediate, and the specific 
DYNLLl light chain (Fig. 1 A and Table SI). In addition to 
these dynein subunits, a subset of mitotic spindle proteins were 
identified. Two of these, astrin and kinastrin/SKAP, have previ- 
ously been reported to form a complex that interacts with 
dynein-DYNLLl (Schmidt et al., 2010; Dunsch et al, 2011). 
A further two, HMMR/RHAMM and CHICA/FAM83D, are 
novel components of DYNLLl complexes (Maxwell et al., 2003; 
Evanko et al., 2004; Santamaria et al., 2008; Tolg et al., 2010). 
Western blotting confirmed the presence of the different dynein 
subunits, astrin, kinastrin, HMMR, and CHICA in DYNLLl 
complexes identified by mass spectrometry (Fig. 1 B). It also 
showed that these complexes do not contain tubulin, or other 



Figure 1 . DYNLLl -dynein associates with a defined subset of spindle pro- 
teins in mitosis. (A] Control and DYNLLl complexes were analyzed by 
SDS-PAGE and the major Coomassie blue-stained proteins identified by 
mass spectrometry are marked, or (B) by Western blotting using the spe- 
cific antibodies shown in the figure. CHICA-C antibody was used for blot- 
ting. Asterisks mark the antibody heavy and light chains. (C) Complexes 
were immunoprecipitated using HMMR, CHICA-N, and HURP antibodies 
from HeLa cells arrested in mitosis using 200 ng/ml nocodozole for 1 8 h 
before cell lysis. Antibodies to GFP were used as a negative control. The 
immunoprecipitotes were Western blotted using the antibodies shown in 
the figure. CHICA-C antibody was used for blotting. The asterisk marks 
light chain cross reactivity in the kinastrin blot. 

spindle and spindle pole proteins Eg5, HURP, and NuMA, or 
the pl50°'"'='' subunit of dynactin. DYNLLl therefore defines 
specific subcomplexes of dynein in mitotically arrested cells, 
which are discrete from those formed by dynactin. 

Specific antibodies were then raised against HMMR and 
CHICA, and affinity purified to permit characterization of these 
two proteins and their interactions with DYNLLl . Western blotting 
showed that HMMR antibodies detected a single protein of the 
expected size, and that this was depleted by two different siRNA 
duplexes (Fig. SI A). Similarly, CHICA antibodies detected a 
single protein of the expected size, and again this was depleted 
by two different siRNA duplexes (Fig. SI A). These HMMR and 
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Figure 2. HMMR and CHICA are spindle-associated factors required for DYNLLl targeting. (A) Asynchronous cultures of HeLa cells were fixed and then 
stained with mouse anti-HMMR, sheep anti-CHICA, rabbit cnti-tubulin, and DAPI to detect DNA. Representative examples of the different stages of mitosis 
are shown. (B) HeLa cells stably expressing GFP-DYNLLl were transfected with control, CHICA, HMMR, or HURP siRNA duplexes for 72 h, or TACC3 
siRNA duplexes for 48 h. The cells were fixed and then stained for CHICA, HMMR, HURP, or TACC3 as appropriate and DAPI to detect DNA. DYNLLl 
was visualized using GFP fluorescence. (C) HeLa cells stably expressing GFP-DYNLLl were transfected with control, DYNLLl , or kinastrin, siRNA duplexes 
for 72 h, or astrin siRNA duplexes for 48 h. The cells were fixed and then stained for tubulin, CHICA, and DAPI to detect DNA. DYNLLl was visualized 
using GFP fluorescence. CHICA-N antibodies were used for all stainings. Bars, 10 (jm. 



CHICA antibodies gave similar staining of the mitotic spindle, and 
in both cases this was lost in cells treated with specific siRNA du- 
plexes. To test if HMMR and CHICA form a complex, these anti- 
bodies were used to immunoprecipitate the two proteins. Mass 
spectrometry (Table SI) and Western blotting (Fig. 1 C) revealed 
that CHICA and HMMR coprecipitate, consistent with the idea 
that the two proteins form a complex. In addition, DYNLLl but 
not astrin or kinastrin were present in both CHICA and HMMR 



immunoprecipitates (Fig. 1 C). CHICA, HMMR, and DYNLLl 
were not present in control or immunoprecipitations of the spindle 
and kinetochore fiber protein HURP (Fig. 1 C). 

Spindle targeting of DYNLLl requires 
HMMR and CHICA 

The localization of HMMR and CHICA as cells passed through 
mitosis was then investigated (Fig. 2 A). This revealed that both 
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Figure 3. Spindle orientation is perturbed in CHICA-, HMMR-, and DYNLLl -depleted cells. (A) HeLa cells were transfected with control, CHICA, HMMR, 
DYNLLl siRNA duplexes for 72 h, or CenpE sIRNA duplexes for 48 fi. The cells were fixed and then stained for tubulin and pericentrin to define the posi- 
tion of the mitotic spindle, and DAPI to detect DNA. A schematic shows the distances x and z measured from the microscope images and used to calculate 
a, the angle of spindle rotation and w, the pole-to-pole distance. (B) Samples were Western blotted to test for depletion of the respective target proteins. 
CHICA-C antibody was used for blotting. (C) Plots showing the angle of spindle rotation for cells depleted of the proteins indicated in the figure (n = 30). 
The Mann-Whitney test was used to calculate P-values for comparison of control and experimental samples. Median spindle angle was significantly different 
(P < 0.0001) in the DYNLLl-, HMMR-, and CHICA-depleted cells but not the CenpE-depleted cells (P = 0.8187] when compared with the control. (D) The 
percentage of cells with rotated spindles is plotted in the graph, error bars show the SEM [n = 100 in three independent experiments). 



proteins localize to the spindle poles in prophase and prometa- 
phase, and then spread out along the mitotic spindle in meta- 
phase and then dissociate from the spindle in anaphase and 
telophase (Fig. 2 A). Depletion of either HMMR or CHICA, but 
not two other spindle proteins HURP or TACC3, resulted in a 
reduction of DYNLLl at the mitotic spindle (Fig. 2 B). By con- 
trast, depletion of the other DYNLLl -associated proteins astrin 
or kinastrin did not result in the loss of DYNLLl from the spin- 
dles (Fig. 2 C), although spindles were highly disorganized as 
expected (Schmidt et al., 2010; Dunsch et al., 2011). Careful 
examination of astrin- and kinastrin-depleted cells revealed that 
DYNLLl was lost from kinetochores, consistent with previous 
findings (Schmidt et al., 2010). Together, these findings show 
that DYNLLl is present in two discrete complexes at the 
mitotic spindle; one containing astrin and kinastrin, the second 
previously uncharacterized complex containing HMMR and 
CHICA. The function of this latter complex and its relationship 
to dynein-DYNLLl was therefore investigated further. 



HMMR, CHICA, and CYNLLI are required 
for normal mitotic progression 

Previous studies have suggested that XRHAMM, the Xenopus 
orthologue of HMMR, has a function in the centrosome- 
independent pathway of spindle assembly (Groen et al., 2004). 
Other work suggests that HMMR promotes microtubule insta- 
bility in interphase cells, and is important for mitotic spindle 
integrity (Tolg et al., 2010). By contrast, CHICA has been 
linked to the targeting of the kinesin-like motor protein KID to 
the mitotic spindle (Santamaria et al., 2008). HeLa cells were 
therefore depleted of HMMR, CHICA, or DYNLLl. Examina- 
tion of these cells revealed apparently abnormal spindles with 
scattered chromatin (Fig. SI B). A slight increase in mitotic 
index relative to the control was also observed for all CHICA, 
HMMR, and DYNLLl duplexes tested (Fig. SI C), consistent 
with the idea they have a function in mitosis. Live-cell imaging 
of cells expressing GFP-tubulin and mCherry-histone H2B 
showed that depletion of HMMR, CHICA, or DYNLLl resulted 
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in an increase in the time taken from nuclear envelope break- 
down (NEBD) to the onset of anaphase from 70 min in control 
cells to 110 min (Fig. SI D). Although chromosomes and 
microtubules appeared disordered during spindle formation in 
each of these conditions, there was no obvious effect on chro- 
mosome segregation in anaphase (unpublished data). Other 
possibilities were that either kinetochore fiber function or spin- 
dle checkpoint activation were altered in the absence of the 
HMMR-CHICA-DYNLLl complex. Speaking against these, 
cold-stable kinetochore fibers were still present in HMMR-, 
CHICA-, and DYNLLl -depleted cells, (Fig. S2 A), and none of 
these proteins localize to kinetochore fibers (Fig. S2 B). Fur- 
thermore, HMMR- and CHICA-depleted cells showed the ex- 
pected localizations of the Bubl checkpoint protein (Fig. S2 C) 
and a robust arrest in response to nocodazole (Fig. S2 D). These 
findings show that the HMMR-CHICA-DYNLLl complex is 
not essential for kinetochore fiber stabilization or activation of 
the spindle checkpoint pathway. The role of DYNLLl and the 
CHICA-HMMR complex in other dynein-dependent mitotic 
events was therefore investigated. 

HMMR, CHICA, and DYNLLl are required 
to define spindle orientation 

In standard microscopy, cells are viewed through a coverglass 
that also acts as the growth surface, and a series of images col- 
lected at different focal positions through the sample data are 
projected to give a 2D image of the 3D sample (Fig. 3 A, sche- 
matic). Because cells grown in this way typically align the 
mitotic spindle parallel to the glass surface, this gives rise to the 
characteristic bar-like array of chromosomes (Fig. 3 A). Both 
spindle poles, defined in this case by the centriolar marker peri- 
centrin are therefore typically equidistant from the coverglass 
or growth surface. This results in spindles aligning to within 10° 
of the plane of the coverglass. However, in cells depleted of 
HMMR, CHICA, or DYNLLl (Fig. 3 B), the spindle poles are 
found at different distances from the coverglass (Fig. 3 A), 
and spindles showed widely differing angles of 0-60° to the 
coverglass plane (Fig. 3 C). Up to 60% of HMMR-, CHICA-, 
or DYNLLl -depleted cells had spindles rotated by over 10° 
(Fig. 3 D). These effects are not due to general perturbation of 
chromosome segregation because depletion of the CenpE motor 
protein required for proper chromosome alignment causes scat- 
tered chromatin but has little effect on spindle orientation 
compared with the control (Fig. 3, A-D). 

Live-cell imaging was then performed to confirm these 
findings. As expected, cells depleted of CHICA, HMMR, or 
DYNLLl showed apparently abnormal spindles (Fig. 4 A; see 
also Videos 1-4). Contrary to initial impressions, when the 
viewpoint was rotated these apparently abnormal spindles are 
revealed to be bipolar structures with the chromosomes aligned 
at a metaphase plate similar to the control cells (Fig. 4 B and 
Video 5). If spindle orientation was random in the absence of 
HMMR, CHICA, or DYNLLl, then the maximum angle ob- 
served should be 90°. However, none of the measurements 
made on fixed-cell samples exceeded 60°. One possibility was 
that the angle of spindle rotation was underestimated in the 
fixed samples due to drying artifacts causing flattening of the 



sample. Measurements of spindle rotation and pole-to-pole 
distance made from live-cell imaging data showed that spin- 
dles in HMMR-, CHICA-, or DYNLLl -depleted cells are of 
similar size (Fig. 4 C) but do not align to the coverslip, and 
the maximum angle of rotation is close to 90° compared with 
10° in control samples (Fig. 4 D). DYNLLl, CHICA, and 
HMMR therefore act in a pathway required for proper mitotic 
spindle orientation. 

Spindles orient: at: a fixed but: 
incorrect angle 

Inspection of the live-cell imaging data revealed that the spin- 
dles adopt a fixed but incorrect orientation with respect to the 
growth surface when DYNLLl, CHICA, or HMMR are de- 
pleted, and do not tumble continuously. Measurements over 
time for three individual cells for each condition showed that 
the spindle angle is rapidly established after bipolar spindle 
formation (Fig. 5, dotted line marks the point where a bipolar 
spindle is formed). Strikingly, even in cells showing prolonged 
time in metaphase this angle is maintained, typically within 
10°, until the onset of anaphase (Fig. 5, marked by a red cir- 
cle). Once in anaphase the angle of the spindle tends to zero as 
the cells flatten along the growth surface as they divide. The 
observation that spindle orientation became fixed indicated 
that the spindle was still contacting the cortex, suggesting that 
astral microtubules were not grossly altered. To clarify this, 
we made use of super-resolution 3D structured illumination 
microscopy (3D-SIM) to image the entire volume of mitotic 
cells under different depletion conditions. Astral microtubule 
organization was similar in DYNLLl-, CHICA-, or HMMR- 
depleted cells and control cells (Fig. 6 A). Furthermore, dis- 
ruption of astral microtubules using 6.25 ng/ml nocodazole 
resulted in rotated but mainly off-center spindles positioned 
close to the cell cortex (Fig. 6, B and C). Under these condi- 
tions spindles are smaller due to altered microtubule dynam- 
ics, but kinetochore fibers still capture and align the chromosomes 
(Fig. 6 B). This effect is different to the consequences of 
depleting DYNLLl, CHICA, or HMMR. In these instances 
spindles are rotated but typically remain centered within the 
cell (Fig. 6 C). The microtubule plus end-tracking protein 
EB 1 was then used to measure the dynamics of astral micro- 
tubules. This revealed that astral microtubule growth rates are 
similar in control, DYNLLl-, CHICA-, or HMMR-depleted 
cells (Fig. 6 D; see also Videos 6-10), and are in the range of 
values reported previously (Dunsch et al., 201 1). These obser- 
vations support the idea that astral microtubules play two roles 
in spindle positioning. First, they are important for centering 
the spindle within the cells, and second, they are used to trans- 
mit force during spindle rotation. Low doses of nocodazole 
disrupt the astral microtubules and interfere with both func- 
tions. However, the data presented here show that the DYNLLl 
pathway is not required for astral microtubule formation, is 
not a major regulator of astral microtubule growth, and is not 
part of the NuMA-Plkl intrinsic spindle-positioning pathway. 
This therefore suggests that DYNLLl, CHICA, and HMMR 
function during spindle rotation rather than as direct regulators 
of astral microtubules. 
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Figure 4. HMMR, CHICA, and DYNLLl are required for normal mitotic progression. (A) HeLa cells stably expressing GFP-tubulin and mCherry-histone 
H2B were transfected with the siRNA duplexes shown in the figure for 72 h, and the full cell volume was imaged on an Ultraview spinning-disk confocal 
microscope every minute as the cells passed through mitosis. Maximum intensity projections of tubulin and histone H2B are shown at the times indicated 
in the figure. Bars, 10 pm. (B) A maximum intensity z-projection of tubulin and histone H2B are shown in the left column. The full 3D dataset was rotated 
to view the spindle from a plane perpendicular to the chromosomes and this is shown in the right column. (C) The pole-to-pole distance and (D) angle of 
spindle rotation at the metaphose-to-anaphase transition were calculated as described in Fig. 3 A and are plotted in the graphs. The Mann-Whitney test 
was used to calculate P-values for comparison of control and experimental samples. Median spindle angle was significantly different (P < 0.0001] in the 
HMMR- and CHICA-depleted cells, P < 0.001 in the DYNLLl -depleted cells, but not the HURP-depleted cells (P = 0.8006) when compared with the control. 
Numbers in brackets indicate sample size. 



HMMR targets CHICA to the mitotic 
spindle 

The functions of the different components of the HMMR-CHIC A 
complex were then investigated to explain how it promotes 



proper spindle orientation. First, the localizations of a series 
of HMMR fragments were examined (Fig. 7 A). The first 189 
amino acids of HMMR showed a strong spindle pole targeting 
in mitotic cells, and localized to microtubules in interphase cells 
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Figure 5. Spindles adopt a fixed but incorrect orientation in CHICA-, 
HMMR-, or DYNLL1 -depleted cells. HeLa cells stably expressing GFP-tubulin 
and mCherry-histone H2B were transfected with the siRNA duplexes shown 



(Fig. 7 A). This fragment, but not the other fragments of HMMR, 
bound directly to microtubules when tested in in vitro pelleting 
assays (Fig. 7 B). A different region of HMMR, amino acids 
365-546, within the predicted coiled-coil segment was required 
for binding to CHICA (Fig. 7 C). Reciprocal experiments with 
a series of CHICA fragments were then performed. This re- 
vealed that the C-terminal amino acids 383-615 localized to the 
mitotic spindle, and gave a weak microtubule staining in inter- 
phase cells (Fig. 7 D). However, this fragment did not show any 
microtubule-binding properties when tested in in vitro pelleting 
assays (Fig. 7 E). Mapping experiments revealed that the spindle- 
targeting fragment 383-615 was the binding site for HMMR 
(Fig. 7 F). The simplest explanation for these findings is that 
HMMR directly binds to microtubules and acts as an adaptor 
for CHICA, consistent with the requirement for HMMR in 
CHICA targeting to the spindle (Fig. SI B). 

Intieractian of CHICA with CYNLLI 
is required for spindle orientation 

A series of elegant studies has identified a binding motif for the 
DYNLLl protein defined by a highly conserved TQT sequence 
(Lo et al., 2001 ; Rapali et al., 201 la). Inspection of the CHICA 
sequence reveals the presence of three consensus TQT motifs 
(Fig. 8 A). Western blot analysis revealed that DYNLLl was 
present in puUdowns of full-length CHICA or the 383-615 
C-terminal fragment containing all three TQT motifs (Fig. 8 A). 
DYNLLl was not detected in pulldowns of the other CHICA 
fragments tested. The three TQT motifs were then mutated to 
alanine, alone or in combination, to define their role in mediat- 
ing the CHICA-DYNLLl interaction. Mutation of all three 
TQT motifs in CHICA was necessary to abolish the interaction 
with DYNLLl (Fig. 8 B). Furthermore, unlike the wild-type 
protein this triple TQT mutant was not able to target DYNLLl 
to the spindle microtubules (Fig. 8 C), and did not correct the 
spindle orientation defect in CHICA-depleted cells (Fig. 8 D). 
DYNLLl is therefore recruited to the mitotic spindle poles by 
a TQT motif-mediated interaction with CHICA, where it is 
required to establish the correct spindle orientation. 

Asymme'fcric targeting of dynein to the cell 
cortex requires CYNLLI 

During mitotic spindle positioning, dynein generates pulling 
forces to re-center and orient the mitotic spindle within the cell 
(Laan et al., 2012). In the course of this process, dynein oscil- 
lates from one pole of the cell cortex to the other but only accu- 
mulates at the pole farthest from the spindle (Kiyomitsu and 
Cheeseman, 2012). The cortical domains to which dynein locaUzes 
are defined by NuMA and other factors that do not show the 



in the figure for 72 h, and the full cell volume was imaged on an Ultra- 
view spinning-disk confocal microscope every minute as the cells passed 
through mitosis. The angle of spindle rotation was measured and is plot- 
ted in the graph as a function of time for three individual cells. The point 
at which bipolar spindle formation was complete is shown by the dotted 
line. A red circle marks the time point when chromosome segregation 
was first observed, taken as a marker for the onset of anaphase. Three 
example curves are shown taken from a single representative experiment 
of five replicates. 



Dynein r^egulation in spindle orientation • Dunscln et al. 



1 OAS 




Figure 6. Super-resolution imaging of astral microtubules in DYNLL1-, CHICA-, and HMMR-depleted cells. (A] HeLa cells were transfected with control, 
HMMR, CHICA, or DYNLLl siRNA duplexes for 72 h. The cells were fixed and then stained for CHICA, tubulin, and with DAPI to reveal DNA. Efficient 
depletion of CHICA and HMMR in these cells was confirmed by the loss of CHICA from the spindle microtubules (not depicted). Samples were analyzed 
by super-resolution imaging, and maximum intensity projections of the 3D-SIM stacks ore shown from a viewpoint perpendicular to the pole-to-pole axis 
of the spindle. Bar, 5 pm. (B] To test the importance of astral microtubules in spindle positioning and rotation, HeLa cells were treated with a subcritical 
dose of nocodazole (6.25 ng/ml) for 1 0 min, fixed, and then stained for tubulin, CHICA, and with DAPI to reveal DNA. CHICA-C antibody was used for 
staining. Controls were left untreated. Example images ore shown in the figure. Bar, 10 pm. (C) The number of cells with normally centered, rotated, or 
displaced spindles was counted and plotted in the graph. Error bars indicate the SEM (n = 50 in two independent experiments). (D) HeLa cells expressing 
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same oscillating behavior (Kiyomitsu and Cheeseman, 2012). 
To test if dynein function requires the DYNLLl-CHICA path- 
way, dynein localization was investigated using stable cell lines 
expressing GFP-tagged dynein heavy chain (DYNCIHI). In 
control cells, dynein was found asymmetrically localized to the 
cell cortex and to the mitotic spindle in 60% of cells (Fig. 9, 
A and B), as described previously (Kiyomitsu and Cheeseman, 
2012). However, when DYNLLl, CHICA, or HMMR were de- 
pleted this asymmetric cortical localization was lost and dynein 
was found at both poles, or multiple smaller patches at the cell 
cortex (Fig. 9, A and B). Depletion of a kinetochore fiber pro- 
tein HURP has no effect on dynein asymmetry at the cell cortex 
(Fig. 9, A and B). Although it was not possible to co-stain for 
dynein and NuMA, parallel experiments revealed that the under- 
lying distribution of NuMA at the cell cortex was not altered by 
DYNLLl, CHICA, or HMMR depletion (Fig. S3). The addi- 
tional dynein at the cell cortex may be relevant for the slightly 
increased pole-to-pole distance in these cells (Fig. 4, A and C), 
due to increased pulling forces on the two spindle poles. This 
may also delay satisfaction of the spindle assembly checkpoint 
due to alterations in spindle geometry, and therefore may ex- 
plain the slight mitotic delays observed. Alternatively, it remains 
possible that DYNLLl plays additional roles in the spindle 
checkpoint through other binding partners such as the astrin- 
kinastrin complex (Schmidt et al., 2010; Dunsch et al., 201 1). 

To show that the effect on dynein asymmetry is due to the 
pool of DYNLLl interacting with the CHICA-HMMR com- 
plex at the mitotic spindle, rescue experiments using the CHICA 
TQT mutant defective in DYNLLl binding were performed 
(Fig. 10). As described already, depletion of CHICA resulted in 
a loss of dynein asymmetry, and this could be rescued by ex- 
pression of wild-type CHICA (Fig. 10, A and B). By contrast, 
the CHICA TQT mutant failed to support asymmetric dynein 
targeting to the cell cortex (Fig. 10, A and B). Together, these 
findings support the idea that the spindle-associated CHICA- 
HMMR complex acts as a regulator of dynein localization, and 
therefore its activity, through the DYNLLl adaptor protein. 

□iscussion 

A model for DYNLLl -CHICA function 
in spindle rotation 

The findings presented here show that DYNLLl and CHICA- 
HMMR form part of a regulatory system feeding back spin- 
dle position to dynein at the cell cortex. Based on this data, we 
propose a simple working model to explain the function of 
DYNLLl and the CHICA-HMMR complex in spindle position- 
ing (Fig. 10 C). CHICA and HMMR associate with the mitotic 
spindle through a spindle-microtubule-targeting region in the 
N terminus of HMMR. This complex can then recruit DYNLLl 
via a series of canonical TQT motifs in the C-terminal region of 



CHICA. The model proposes that this will create a gradient of 
DYNLLl activity, decreasing away from the spindle and spin- 
dle poles (Fig. 10 C, purple shaded region). During the forma- 
tion of the mitotic spindle in prophase and prometaphase, or 
when a spindle is displaced away from the center of the cell, the 
spindle pole will approach the cell cortex. The resulting local 
increase in DYNLLl then causes the loss of dynein from the 
cell cortex. This would explain why dynein can be isolated in 
complex with DYNLLl and is found together with DYNLLl at 
the mitotic spindle, but DYNLLl does not localize to the cell 
cortex. When this inhibitory mechanism is lost, dynein localiza- 
tion becomes uncoupled from spindle rotation. Spindle position 
toward the center of the cell is relatively unaltered because as- 
tral microtubules will continue to push against the cell cortex 
and exert a centering effect. Providing independent support for 
this idea, pronounced oscillation of dynein localization and 
spindle position is only observed when astral microtubules are 
perturbed using nocodazole (Kiyomitsu and Cheeseman, 2012). 
A prediction of this model is that the DYNLLl -bound form of 
dynein cannot bind to dynein adaptors required for cortical tar- 
geting. Although not exhaustively tested, the biochemical and 
Western blot analysis of dynein-DYNLLl complexes failed to 
reveal the presence of subunits of another major dynein adaptor 
dynactin or components such as NuMA required for cortical 
targeting of dynein. 

□YNLL1-Ci-ilCA are components of tl-ie 
intrinsic spindle positioning pathway 

Dynactin, together with NuMA and Lgn is required for targeting 
of dynein to the cell cortex (Johnston et al., 2009; van der Voet 
et al., 2009; Woodard et al., 2010; Kiyomitsu and Cheeseman, 
2012). This system is controlled by extracellular cues (Thery 
et al., 2005, 2007; Toyoshima and Nishida, 2007; Siller and 
Doe, 2009), and signals intrinsic to the mitotic spindle (Kiyomitsu 
and Cheeseman, 2012). The spindle intrinsic signal has two 
components: one is the Ran-gradient system, the second is the 
spindle-associated mitotic kinase Plkl. Activated Ran in the 
vicinity of chromatin controls the interaction of importins with 
NuMA and modulates the interaction of the NuMA-Lgn com- 
plex with the membrane (Kiyomitsu and Cheeseman, 2012). 
Plkl regulates the interaction of the NuMA-Lgn complex with 
dynein-dynactin, and therefore directly controls force genera- 
tion (Kiyomitsu and Cheeseman, 2012). Together, these two 
components prevent dynein accumulation at the cell equator, 
and reduce dynein-dependent force generation at regions of the 
cell cortex close to the spindle poles. Further work will be 
needed to establish the relationship between these components 
and the DYNLLl-CHICA pathway. The most obvious possibility 
is that Plkl regulates the DYNLLl-CHICA pathway through 
phosphorylation. Previous work has shown that CHICA is heavily 
phosphorylated in mitosis (Santamaria et al., 2008), but the 



mCherry-tagged EBl were transfected with control, HMMR, CHICA, or DYNLLl siRNA duplexes for 72 h, or CenpE siRNA duplexes for 48 h. Cells were 
imaged at four planes positioned at the cell equator to cut through one or both spindle poles. Acquisition was with 30% laser power, 100-ms exposure 
time at maximum speed, equivalent to 0.87 frames per second. EBl comets located between the spindle poles and the cell cortex, which mark growing 
astral microtubule ends, were identified and marked by eye in ImageJ and the mean distance moved per unit time calculated and plotted in the bar graph. 
Error bars indicate the SEM (n = 20]. 
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Figure 7. HMMR is □ microtubule-bindlng protein and partner of CHICA. (A) HeLa cells were transfected with full-length GFP-tagged HMMR or the deletion 
constructs outlined in the schematic. After 24 h the cells were fixed and then stained for tubulin, and DAPI to detect DNA. HMMR was visualized using GFP 
fluorescence. Representative examples of the localization in mitotic or interphase cells are shown. Bar, 1 0 \im. (B) Microtubule-binding assays were 



1 D4B JCB • VOLUME 1 SB • NUMBER B • 201 2 



CHICA HDUF1669 
Input 



TQT 

^ OJ CM 

cvi 

■^-^-^ 

M/ 



GFP-IP 



i615 



in t- CO CD 

T— CO ' ' 

^ ?N g s 



O T- 

ID T- CO CD 

T— CO ' ' 

^ g s 



I - 

^ <u 

° £ 

O 2 



kD 




■!- 1- CO 1 T- 1- T- CO 


116- 
97- 


f 




66- 






56- 
43- 
35- 






27- 






20- 




^ «S = = B 


7- 




• - to 



GFP-CHICA 



GFP 



Ig LC 



DYNLL1 



H 

=) . 

to § 

< < 

O o 



B 



Input 



Myc-IP 



Myc-CHICA 


DYNLL1 


Tubulin 


Merge 














• 












n 






m 





kD 
80- 



58- 
80- 



7- 



Q. A 
3r I- 



< < < 

< < < 

< < < 



o o o 



ID 
Q. 



P( ^ ^ ^ 

t: H H H 

o o o 



Myc-CHICA 



CHICA 




HMMR 



DYNLL1 



■ aligned 
I I rotated 




siControl sICHICA sICHICA sICHICA 
+WT +3x TQT 



Figure 8. CHICA bintJs to DYNLLl via TQT consensus motifs. (A) HEK293T cells were transfected with full-length and deletion constructs of GFP-CHICA for 
30 h. CfHICA complexes were immunoprecipitoted using sheep anti-GFP antibodies, and then Western blotted using mouse anti-GFP or rabbit cnti-DYNLLl 
antibodies. (B) hlEK293T cells were transfected with Myc-CfHICA, and single or combined TQT to AAA mutants for 30 h. CfHICA complexes were immuno- 
precipitoted using mouse onti-Myc antibodies, and then Western blotted using rabbit anti-Myc, sheep anti-HMMR, or rabbit anti-DYNLLl antibodies. 
(C) HeLo cells stably expressing GFP-DYNLLl were treated with control siRNA or directed toward the 3'-UTR of CHICA for 72 h, and transfected with the 
wild-type or 3x TQT to AAA mutant forms of Myc-CHICA, fixed after 36 h, and then stained as indicated in the figure. DYNLLl was directly visualized by 
GFP fluorescence. Bar, 10 pm. (D) The percentage of cells with aligned or rotated spindles is plotted in the bar graph. Error bars show the SEM (n = 30 
in three experiments). 



consequences of this modification remain unknown. Another 
area for future work wiff be the study of DYNLLf interaction 
with dynein. This interaction is thought to be mediated by a 
TQT motif in the dynein intermediate chain (Rapali et al., 20i f b), 
but the rote this interaction plays in controlling dynein function 
and localization remains mysterious. Intriguingly, dynactin also 



binds to dynein via the dynein intermediate chain (Vaughan 
et al., 1995) and this interaction is mutually exclusive with another 
dynein regulator NudE-Lisl (McKenney et al., 2011). There- 
fore, DYNLLl may compete with dynactin for binding sites on 
the dynein intermediate chain, and thereby displace dynein 
complexes from the cell cortex. 



performed using in vitro-transloted full-length HMMR and the fragments shown in the figure. The anaphase spindle protein PRCl and the small GTPose 
Rab4 were token as positive and negative controls, respectively. (C) HEK293T cells were cotransfected with full-length and deletion constructs of GFP- 
HMMR and Myc-CHICA for 30 h. HMMR complexes were immunoprecipitoted using sheep anti-GFP antibodies, and then Western blotted using mouse 
anti-GFP or mouse anti-Myc. An asterisk marks a nonspecific bond in the Myc blots. (D) HeLa cells were transfected with full-length GFP-tagged CHICA 
or the deletion constructs outlined in the schematic. After 24 h, the cells were fixed and then stained for tubulin, and DAPI to detect DNA. CHICA was 
visualized using GFP fluorescence. Representative examples of the localization in mitotic or interphase cells ore shown. Bar, 1 0 (jm. (E) Microtubule-bind- 
ing assays were performed using in vitro-transloted full-length CHICA and the fragments shown in the figure. The anaphase spindle protein PRCl and the 
small GTPase Rab4 were token as positive and negative controls, respectively. (F) HEK293T cells were cotransfected with full-length and deletion constructs 
of GFP-CHICA and Myc-HMMR for 30 h. CHICA complexes were immunoprecipitoted using sheep anti-GFP antibodies, and then Western blotted using 
mouse anti-GFP or mouse anti-Myc. 
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Figure 9. Dynein heavy chain asymmehy is lost in DYNLL1-, CHICA-, and HMMR-depleted cells. (A] GFP-dynein heavy chain (DYNCIHI) cells were 
transfected with control, CHICA, HMMR, DYNLLl, and HURP siRNA duplexes for 72 h. The cells were then imaged using an Ultraview Vox spinning- 
disk confocal system. Images of metaphase cells were taken from a single z-plane at one time point. Exposure times were 1 00 msec for GFP-DYNCl HI 
using 50% laser power. Graphs representing the intensity profiles were generated with NIH ImageJ. A profile plot was made from a selection of 20 pixels 
width crossing the mitotic spindle at both spindle poles. Intensity values were extracted. An average background value was subtracted and values were 
normalized to the brightest point corresponding to 100%. Two representative example images and associated graphs ore shown. Bar, 10 (jm. (B) The 
cortical localization of dynein was scored in the different conditions used and is plotted in the bar graph. Error bars show the SEM (n = 25 in each of 
three independent experiments. 



Materials and methods 

Reagents and antibodies 

General laboratory chemicals were obtained from Sigmo-Aldrich and 
Thermo Fisher Scientific. Hexahistidine-tagged HMMR ao 183-364, 
CHICA-N aa 1-281, and HURP oo 673-890 were expressed in and puri- 
fied from bacteria. Antibodies against HMMR, CHICA-N, and HURP were 
raised in sheep (Scottish National Blood Transfusion Service, Edinburgh, 
UK) and affinity purified using the His-tagged proteins coupled to Affigel-15 
(Bio-Rod Laboratories). The CHICA-C antibody was raised in sheep using 



the CHICA peptide (CSRVNLLAVRD) as the antigen. The crude serum was 
affinity purified using the CHICA peptide coupled to Sulfo-link (Thermo 
Fisher Scientific). Commercial mouse monoclonal antibodies were used 
against a-tubulin (clone DM1 A; Sigma-Aldrich), Bubl (Abeam), dynein 
heavy chain and dynein intermediate chain (Sigma-Aldrich), HMMR 
(Abeam), Myc (clone 9E10; Sigma-Aldrich), and pi 50°'"'"' (BD); rabbit 
antibodies against ostrin (Thein et oL, 2007), CenpE (Bethyl Laboratories, 
Inc.), NuMA and pericentrin (Abeam), DYNLLl (Epitomics, Inc.), KID 
(Cytoskeleton), Myc (Sigma-Aldrich), and TACC3 (Santa Cruz Biotechnol- 
ogy, Inc.); and sheep antibodies against Eg5 (Zeng et al., 201 0), GFP 



1 DSD JCB • VOLUME 1 SB • NUMBER B • 201 S 



X 

o 
z 
> 
a 

I 

Q. 
U. 
O 



< 
O 

X 

o 

I 

o 



— siControl — 
Untransfected 



Untransfected 



■siCHICA 3'-UTR- 
CHICAWr 



3x TQT>AAA 



B 



100 



■i ^80 



8 60 



^ S 40 
E 

<- 0 



T3 

o 



T3 

+- ' 
O 



i 



< 

O 
X 

o 



SiCHICA 3'-UTR 



DYNLL1 -bound dynein 
released from cortex 



DYNLL1-free dynein 
bound to cortex 




Cortical 
NuMa-Lgn 



Figure 10. Dynein heavy chain asymmetry is lost in DYNLL1-, CHICA-, and HMMR-depleted cells. (A) GFP-dynein heavy chain (DYNCIHI) cells were 
transfected with control or CHICA 3'-UTR siRNA duplexes for 24 h, then left untransfected or further tronsfected with CHICA wild-type or the TQT mutant 
form for a further 48 h. The cells were then imaged using an Ultraview Vox spinning-disk confocoi system. Images of metaphase cells were taken from a 
single z-plane at one time point. Exposure times were 100 msec for GFP-DYNCIHI or mCherry-tagged CHICA using 50 or 30% loser power, respec- 
tively. (B) The cortical localization of dynein was scored and is plotted in the bar graph. Error bars show the SEM (n = 10 in each of two independent 
experiments). (C) A model or DYNLLl function in spindle positioning and orientation. DYNLLl is recruited to spindle poles by the triple TQT motifs in the 
CfHICA-HMMR complex. HMMR contains an N-terminal microtubule-binding domain capable of targeting the complex to spindle microtubules. Because 
loss of DYNLLl results in additional dynein at the cortex and DYNLLl does not accumulate at the cell cortex, this model proposes that DYNLLl is inhibitory 
to dynein targeting to the cortex. When a spindle pole carrying the DYNLLl -CHICA-fHMMR complex approaches the cortex, this results in increased local 
concentration of DYNLLl and removal of dynein from the cell cortex. Ultimately, this leads to a reduction in pulling forces on the mitotic spindle, which then 
fails to rotate to the correct position in response to extrinsic positioning cues. 



(Shorter et al., 1999], and kinastrin (Dunsch et al., 201 1). Kinetochores 
were visualized with CREST (human auto-ontiserum; Europa Bioproducts Ltd.). 
Affinity-purified primary and secondary antibodies were used at 1 pg/ml 
final concentration; sera were used at 1:1,000 dilution. Secondary anti- 
bodies conjugated to HRP or Cy5 were obtained from Jackson Immuno- 
Research Laboratories, Inc. Secondary antibodies conjugated to Alexo 
Fluor 488, 555, and 647 were obtained from Invitrogen. DNA was 
stained with DAPI (Sigma-Aldrich). 

Molecular biology 

Human CHICA, DYNLLl, HMMR, and EBl were amplified from human 
testis cDNA (Tokaro Bio Inc.) using KOD polymerase (Takaro Bio Inc.). 
Mammalian expression constructs for CHICA, DYNLLl, HMMR, and EBl 
were mode using pcDNAS.l, pcDNA4/TO, and pcDNA5/FRT/TO vec- 
tors (Invitrogen) modified to encode the Myc epitope tag, mCherry, or 
GFP reading frames. Bacterial expression constructs were mode in pQE32 
(QIAGEN). Mutagenesis was performed using the QuikChonge method ac- 
cording to the protocol (Agilent Technologies). RNA interference for ostrin, 
kinastrin, CenpE, GL2 luciferase (control], HURP, and Nuf2 was carried 
out using published (Dunsch et ol., 201 1) commercially available siRNA 
duplexes. Other siRNA duplexes were as follows: CHICA-1 5'-CAAU- 
UCCACUUCGCUGGUAdTdT-3'; CHICA-2 5'-GAACUAAGAUUAUUG- 



GGAAdTdT-3'; CHICA-3 5'-CCAGGATAGCAAGCTCTCAAA-3'; CHICA-4 
5'-ATGGACGGATGGCAAATTAAA-3'; HMMR-1 5'-CUGAUUUGCAGA- 
ACCAACUdTdT-3'; HMMR-2 5'-GGAGAAUAUUGUUAUAUUAdTdT-3'; 
DYNNLl Dhormacon SmortPool L-005281-00 (Thermo Fisher Scientific) or 
5'-GAAGGACAUUGCGGCUCAUUU-3'; CHICA 3'-UTR 5'-GGTnAAA- 
CACTATGGATA-3'; and TACC3 5'-GTTACCGGAAGATCGTCTG-3'. 

Cell culture 

HeLa cells and HEK293T were cultured in DME containing 10% bovine 
calf serum (Invitrogen) at 37°C and 5% CO2. For synchronization, cells 
were treated for 1 8 h with 2 mM thymidine, washed three times in PBS, 
and twice with growth medium. For plosmid transfection and siRNA trans- 
fection, Mirus LTl (Mirus Bio LLC) and Oligofectomine (Invitrogen), respec- 
tively, were used according to the manufacturers' instructions. Stable HeLa 
cell lines with single copies of the desired transgene were created using the 
T-Rex doxycycline-inducible Flp-ln system (Invitrogen). HeLa cell lines stably 
expressing GFP-togged a-tubulin selected using 0.5 [Jg/ml puromycin and 
mCherry-tagged histone H2B selected using 0.3 pg/ml blasticidin have 
been described previously (Zeng et al., 201 0). The tagged transgenes and 
selection markers were under the control of the chicken p-octin promoter. 
Cell lines expressing GFP-togged DYNCl HI were obtained from the Mito- 
check consortium (www.mitocheck.org). 
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Isolation of profein complexes 

For immunoprecipitations of endogenous CHICA, DYNLLl, HMMR, or 
HURP, three 15-cm dishes of synchronized HeLa S3 cells per condition 
were released from the thymidine arrest for 3 h at 37°C, 100 ng/ml 
nocodazole was added, and the cells were incubated for a further 16 h. 
For HMMR or CHICA fragments, one 15-cm dish of HEK293T cells per 
condition was transfected with the appropriate construct for 30 h. Mitotic 
cells were collected by shake-off and nocodazole was removed by wash- 
ing three times with prewormed PBS and twice with growth medium. For 
metaphase samples, cells were collected and washed three times with ice- 
cold PBS. Cell pellets were resuspended in lysis buffer (20 mM Tris-HCI, 
pH 7.4, 150 mM NaCI, 1 mM EDTA, 1% [vol/vol] IGEPAL, 0.1% [wt/vol] 
sodium deoxycholate, 40 mM p-glycerophosphate, 10 mM NoF, 0.3 mM 
No-vonodate, 100 nM okadaic acid, and protease inhibitor cocktail 
[SigmaAldrich]), left for 15 min on ice, and then clarified by centrifugation 
at 20,000 g for 15 min at 4°C. Protein complexes were isolated from 3 mg 
of cell lysate using 2.5 (jg sheep antibodies against either mCherry, GFP, 
HMMR, or CHICA bound to 20 (jl protein G-Sepharose by incubation for 
3 h at 4°C. Isolated complexes were washed three times with lysis buffer, 
twice with 20 mM Tris-HCI, pH 7.4, 1 50 mM NaCI, 0. 1 % [vol/vol] IGEPAL, 
and then twice with 20 mM Tris-HCI, pH 7.4, 150 mM NaCI. 

Moss spectrometry of protein complexes 

Protein samples for moss spectrometry were separated on 4-12% gradient 
NuPAGE gels, then stained using a colloidal Coomassie blue stain. Gel 
lanes were cut into 12 slices, and then digested with trypsin (Wilm et al., 
1996). The resulting tryptic peptide mixtures in 0.05% [vol/vol] trifluorace- 
tic acid were then analyzed by online LC-MS/MS with a nanoAcquity 
UPLC (Waters) and an Orbitrap XL ETD mass spectrometer (Thermo Fisher 
Scientific) fitted with a Proxeon nano-electrospray source. Peptides were 
loaded on to a 5-cm x 180-pm BEH-C18 Symmetry trap column (part 
no. 186003514; Waters] in 0.1% [vol/vol] formic acid at 15 pl/min, 
and then resolved using a 25-cm x 75-pm BEH-C18 column (port 
no. 186003815; Waters] in 99-37.5%, [vol/vol] acetonitrile in 0.1% 
[vol/vol] formic acid at a flow rate of 400 nl/min. The mass spectrometer was 
set to acquire an MS survey scon in the Orbitrap (R = 30,000) and then 
perform MS/MS on the top five ions in the linear quadrupole ion trap after 
fragmentation using collision ionization (30 msec, 35% energy). A 90-s 
rolling exclusion list with n = 3 was used to prevent redundant analysis of 
the same ions. Maxquant and Mascot (Matrix Science) were then used to 
compile and search the raw data against the human IPI database (Cox and 
Mann, 2008). Protein group and peptide lists were sorted and analyzed 
in Excel (Microsoft) and Maxquant. MS and MS/MS spectra were manu- 
ally inspected using Xcalibur Quolbrowser (Thermo Fisher Scientific). 

Fixed cell microscopy 

Cells grown on no. 1 .5 glass coverslips (Menzel-Gldser; Thermo Fisher 
Scientific) were washed twice with 2 ml of PBS, and fixed with 2 ml of 3% 
[wt/vol] paraformaldehyde in PBS for 15 min. Fixative was removed and 
the cells quenched with 2 ml of 50 mM NH4CI in PBS for 10 min. Cover- 
slips were washed three times in 2 ml PBS before permeabilization in 0.2% 
[vol/vol] Triton X-1 00 for 1 0 min. In all cases primary and secondary anti- 
body staining was performed in PBS for 60 min at room temperature. 
Affinity-purified antibodies were used at 1 pg/ml, whereas commercial 
antibodies were used as directed by the manufacturers. DAPI was added 
to the secondary antibody-staining solution at 1 pg/ml. Coverslips were 
mounted in Mowiol 4-88 mounting medium. Fixed samples on glass slides 
were imaged using a 60x, NA 1 .35 oil immersion objective on on upright 
microscope (model BX61; Olympus) with filtersets for DAPI, GFP/Alexo 
Fluor 488, -555, -568, and -647 (Chroma Technology Corp.), a Cool- 
SNAP HQ2 camera (Roper Scientific), and MetaMorph 7.5 imaging soft- 
ware (Molecular Dynamics Inc.). Illumination was provided by a Lumen 
200 Watt metal holide light source (Prior Scientific Instruments Ltd.). Image 
stacks of 12-35 planes with a spacing of 0.2-0.4 pm through the cell vol- 
ume were taken. Using MetaMorph, image stacks were maximum intensity 
projected and then merged to create 24-bit RGB TIFF files. Images in Figs. 2, 
3, S2, and S3 were deconvolved using the nearest-neighbors method in 
MetaMorph. Images in 24-bit RGB format were then cropped in Photoshop 
CSS and placed into Illustrator CSS (Adobe Systems Inc.) to produce 
the figures. 

Super-resolution imaging 

3D structured illumination microscopy (3D-SIM) was performed as de- 
scribed previously (Schermelleh et al., 2008) on a DeltaVision OMX V2 
system (Applied Precision) equipped with a lOOx 1.4 NA oil immersion 
objective (Olympus) and Cascade 11:512 EMCCD cameras (Roper Scientific), 



using the 405- and 488-nm diode laser lines. Cells for 3D-SIM were pre- 
pared as described for standard fixed cell microscopy with the following 
changes. The cells were grown on no. 1 .5H precision glass coverslips 
(Marienfeld), then washed twice with 2 ml of PBS, and fixed with 2 ml of 4% 
[wt/vol] paraformaldehyde in PBS for 15 min. Coverslips were mounted in 
Vectashield mounting medium. Immersion oil with a refractive index of 
1 .514 was used after being empirically determined to give the most sym- 
metric point spread function for the specific sample conditions. Image 
stacks (z-height of up to 1 8 pm, z-distance of 0.1 25) of the green (Alexa 
Fluor 488) and the blue (DAPI) fluorescence were recorded sequentially 
through the same emission light path. Exploiting the broad emission range 
of DAPI, this approach has the advantage to reduce additional bleaching 
of the green dye by otherwise interposed 405-nm excitation and avoids 
the need for post-acquisition channel alignment. Reconstruction was per- 
formed with the SoftWoRx 3.7 image-processing software (Applied Pre- 
cision) to obtain a super-resolution 3D image stack with an optical resolution 
of 120 nm in the lateral, and approximately 300 nm in the axial direc- 
tion. These 3D image stacks were imported into Volocity, and a maximum- 
intensity projection performed. These 24-bit RGB TIFF format images were 
placed into Illustrator CSS (Adobe Systems Inc.) to produce the figures. 

Live-cell microscopy 

For live-cell imaging, cells were plated in 35-mm dishes with a 14-mm no. 1 .5 
thickness coverglass window in the bottom (MotTek Corporation). For 
imaging, the dishes were placed in a 37°C and 5% CO2 environment cham- 
ber (Tokai Hit) on the microscope stage. Imaging was performed at 37°C in 
5% CO2 using an inverted microscope (model 1X81; Olympus) with a 60x 
1 .42 NA oil immersion objective coupled to a spinning-disk confocal system 
(Ultroview Vox; PerkinElmer) fitted with on EM-CCD camera (model C9100- 
1 3; Hamomatsu Photonics). Exposure times were 30 msec for GFP-tubulin or 
mCherry-tagged histone H2B using 4% laser power, 100 msec and 30% 
laser power for mCherry-EBl , and 1 00 msec and 50% laser power for dynein 
heavy choin-GFP For tubulin and histone double stable cells, image stacks of 
29 planes spaced 0.6 pm apart were taken at 1-4 stage positions every 
minute for up to 12 h. For experiments analyzing EBl, 7 planes spaced 
0.4 pm apart were captured at the maximum rate. Due to the low signal 
intensity only a single plane was captured for dynein heavy chain. Maximum 
intensity projection of the fluorescent channels was performed in Volocity to 
create 24-bit RGB TIFF files. Images in 24-bit RGB TIFF format were then 
placed into Adobe Illustrator CSS to produce the figures. 

Microtubule-binding assays 

Full-length protein and fragments of CHICA, HMMR, Rab4, and PRCl 
were in vitro translated (IVT) and labeled with ^^S-methionine using the TnT 
Coupled Reticulocyte Lysate System (Promega) according to the manufac- 
turer's recommendations. Microtubules were prepared from bovine brain 
tubulin (20 pi, 5 mg/ml; Cytoskeleton) by incubation with 200 pi PEM buf- 
fer (80 mM Pipes, pH 7.0, 0.5 mM EGTA, and 2 mM MgCI?), 2 pi of cush- 
ion buffer (60% [vol/vol] glycerol, 80 mM Pipes, pH 7.0, 1 mM EGTA, 
1 mM MgCI), 0.22 pi 100 mM GTP, and 2 pi of 2 mM paclitaxel for 
20 min at 35°C. All following procedures were performed at room temper- 
ature, ~22-24°C. A 3-pl aliquot of the IVT mix was diluted in PEM buffer 
supplemented with 0. 1 %, [vol/vol] Triton X-1 00, 0.5 mg/ml BSA, and 50 mM 
NaCI in a final volume of 50 pi. The reaction mixture was clarified by cen- 
trifugation at 90,000 rpm for 1 0 min in a TLA-100.3 rotor (Beckmon Coulter). 
This clarified IVT fraction was incubated with 20 pi of taxol-stabilized 
microtubules for 1 0 min. The reactions were layered over 1 00 pi of cushion 
buffer and centrifuged at 80,000 rpm for 10 min at room temperature in 
the TLA-100.3 rotor. 

Online supplemental material 

Fig. SI shows characterization of new CHICA and HMMR antibodies and 
siRNA duplexes. Fig. S2 shows the analysis of kinetochore fibers stability 
and checkpoint function. Fig. S3 describes the localization of NuMA and 
PIkl when DYNLLl, CHICA, or HMMR are depleted. Videos 1-4 accom- 
pany Fig. 4 and show the effects of DYNLLl , CHICA, or HMMR depletion 
on spindle formation and position. Video 5 shows a rotation of mitotic 
spindles in CHICA-depleted cells. Microtubule dynamics were tracked 
using EBl, and these movies accompanying Fig. 6 D are shown in Videos 
6-10. Table SI shows the moss spectrometry data identifying the proteins 
in DYNLLl and CHICA complexes. Online supplemental material is avail- 
able at http://www.jcb.org/cgi/content/full/jcb.2012021 12/DCl . 

We thank Ricordo Nunes Bastes and Kang Zeng for reagents and advice dur- 
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